Arsenic is a ubiquitous element in nature displaying some properties of both a metal and a nonmetal[@b1][@b2]. Environmental exposure to toxicants or metals can cause regulated and/or unregulated cell death resulting in tissue and cell injury[@b3]. Some studies find that chronic exposure to arsenic from groundwater and food could cause the largest environmental health disaster in the world and that is associated with the increased risk of a number of cancers[@b1][@b2][@b4][@b5]. Hence, arsenic is classified as a human carcinogen by the International Agency for Research on Cancer (IARC) and the U.S. Environmental Protection Agency (EPA)[@b1].

Recently, arsenic trioxide (As~2~O~3~), which was used as a traditional Chinese medicine, has been reported to induce complete remission in the patients with acute promyelocytic leukemia (APL)[@b6][@b7] and approved by the U.S. FDA in 2000[@b8]. Based on its remarkable clinical success, this drug has attracted wide interest for its pharmacological mechanisms. Many researches about the inhibition mechanism of arsenic trioxide for diverse cancer cells, including myeloma cells, malignant lymphocytes, mesothelioma cells, hepatoma cells, have been reported[@b9][@b10][@b11][@b12]. Actually, arsenical-based molecules have been used as therapeutic agents for centuries for various ailments such as psoriasis, syphilis, leukemia, and rheumatism[@b10][@b13][@b14]. In terms of chemistry, arsenic has two important oxidation states, As (III) and As (V), and the element is able to form both inorganic and organic compounds in the environment as well as within the human body. Inorganic arsenicals consist of an arsenic atom linked to other elements such as oxygen, sulfur and chlorine, whereas in combination with hydrogen and carbon, the element is considered as organic arsenic[@b2]. Compared with inorganic arsenicals, organic arsenicals have diverse structures and better bioavailability[@b15]. Arsphenamine, as a kind of organic arsenic agent, was used to treat syphilis and trypanosomiasis in the early 20th century[@b16]. Currently, more and more organic arsenicals are in process of investigation for cancer treatment.

Generally, programmed cell death is divided into apoptosis (PCDI), autophagy (PCDII), and necroptosis (PCDIII)[@b17]. Apoptosis is defined by a pattern of molecular and morphological changes that result in the packaging and removal of the dying cell[@b18]. Highly controlled by a range of complex signaling in cell, apoptosis is closely related to the tissue development, homeostasis and diseases[@b19]. There are two signaling pathways that triggering apoptosis: the extrinsic and the intrinsic pathways. The extrinsic apoptotic pathway is promoted by soluble molecules belonging to the Tumor Necrosis Factor (TNF) family, normally secreted as homotrimers, which can bind to plasma membrane receptors of the TNF-Receptor (TNFR) family, causing their trimerization and subsequent activation. The intrinsic apoptosis signaling pathway is associated with mitochondrial functions, including mtROS[@b20][@b21]. It has been reported that reactive oxygen species (ROS) play a vital role in DNA damage, cellular apoptosis, tissue damage and aging[@b22][@b23][@b24]. In addition, there is accumulating evidence that cancer cells' response to apoptosis is regulated by the cellular redox status. For example, intracellular ROS have been shown to regulate hTERT at many levels, such as regulation of its expression and activity as well as modulating its localization and altering its functions[@b25]. ROS is also known to activate the mitogen activated protein kinase (MAPK) pathways which are important mediators of signal transduction and play a key role in regulating many cellular processes[@b26]. That many kinds of drugs can induce ROS-mediated apoptosis in a series of cancer cells has been reported in succession[@b15][@b27][@b28].

As (III) can affect the conformation and function of numerous proteins through its high affinity for sulfhydryl groups, which results potential malfunctions in deoxyribonucleotide synthesis and repair, protein folding, sulfur metabolism and xenobiotic detoxification[@b1][@b24]. Reduced glutathione (GSH), the major cellular antioxidant, is likely to be oxidized by trivalent arsenicals, which leads to the increase of ROS[@b24]. In this case, a series of organic arsenicals have been synthesized ([Fig. 1](#f1){ref-type="fig"}). Considering that Schiff bases have also been shown to exhibit a broad range of bioactivities, including antibacterial, antiproliferative and antiviral activities[@b29], the synthesized compounds are a series of arsenic (III)-containing Schiff base group derivatives. These compounds all displayed the good inhibition rates for different kinds of cancer cell lines, especially HL-60 cells. The best inhibitory activity showed that using less than 1 μM compound (**2a** or **2b**) could kill the majority of HL-60 cells. By means of introducing a series of reductants we were able to reveal the apoptotic mechanism, which was mainly mediated by oxidative stress. In short, the addition of **2a** or **2b** induces the oxidative stress primarily, followed by the decrease of GSH content, collapse of mitochondrial membrane potential and the release of cytochrome *c*, resulting in the intrinsic apoptosis.

Results
=======

Synthesis of organic arsenicals
-------------------------------

The synthetic route of all compounds is illustrated in [Fig. 1](#f1){ref-type="fig"}, including three steps (a, b and c) from *p*-Arsanilic acid (with no toxicity to human) to final products. Firstly, *p*-Arsanilic acid was reduced to form *p*-Aminophenylarsine oxide (**1**) via intermediate product *p*-aminophenylarsine dichloride. Secondly, the final products were synthesized by the condensation reaction of *p*-Aminophenylarsine oxide (**1**) with four aromatic aldehydes, namely salicylic aldehyde, vanillin, indole-3-mathanal and 9-anthraldehyde, generating compounds **2a**, **2b, 3a** and **4a** respectively. Additionally, the condensation reaction between salicylic aldehyde and aniline was occurred to yield the reference sample compound **1a**. The arsenicals must be treated with carefulness and proper safety procedures are indispensable.

Assessment of cytotoxicity and compounds screening
--------------------------------------------------

The concentration of half inhibition of cell proliferation (*IC*~50~) is summarized in [Table 1](#t1){ref-type="table"} and [Supplementary Table S1](#S1){ref-type="supplementary-material"}. The inhibitions of these arsenicals for different cell lines all show a time and concentration dependent effect (data not shown). In details, compared with MCF-7, SGC7901 and GES-1 cells, compound **2a**, **2b**, **3a** and inorganic arsenicals display larger destruction potency for HL-60 cells. In contrast, the analogue compound **1a** without arsenic atom has almost no cytotoxicity and compound **4a** shows the more cytotoxicity for normal cells. In addition, among these arsenicals, **2a** and **2b** with *IC*~50~ of 0.77 μM and 0.51 μM respectively are the most effective compounds for HL-60 cells. Furthermore, compared with cancer cells, they are less toxic for normal cells, namely GES-1, HEK293 and NIH3T3 cells. Besides, similar with As~2~O~3~, **2a** and **2b** have no more influence on normal leukocyte than control ([Supplementary Figures S1](#S1){ref-type="supplementary-material"} and [S2](#S1){ref-type="supplementary-material"}). In follow-up studies, we paid more attention on the influence of **2a** and **2b** on HL-60 cells.

Induction of apoptosis
----------------------

Arsenic compounds have been known to activate apoptosis signaling in numerous types of cell lines[@b30][@b31][@b32][@b33]. In our research, we also found **2a** and **2b** killed HL-60 cells mainly through triggering the induction of apoptosis, which was proved by the results shown in [Fig. 2a](#f2){ref-type="fig"}. From Annexin V-FITC/PI double staining result, the apoptosis rates (FITC+/PI− and FITC+/PI+) were in proportion to the concentration of **2a** and **2b**. Specifically, the apoptosis rates of **2a** and **2b** were 9.3% (1.5 μM) and 55.5% (3 μM), 10.7% (1 μM) and 65.3% (2 μM), respectively, which were higher than that of control (2.9%). Whereas the percentages of necrotic cells (FITC−/PI+) in the presence or absence of **2a** or **2b** were as low as that of control ranging from 0.1% to 0.2%.

With the help of Hoechst 33342, the images ([Fig. 2b](#f2){ref-type="fig"}) of HL-60 cells showed that the cell membrane became incomplete, cellular morphology changed and the number of cells decreased due to the addition of **2a** or **2b**. From the fluorescence figures, the cells with **2a** or **2b** displayed some high fluorescent fragments pointed by white arrows, characterizing cell nuclear shrinkage and DNA incision, which indicated that the cells were undergoing apoptosis. Meanwhile, these observations were not found in control sample.

Production and elimination of ROS in HL-60 cells
------------------------------------------------

It has been demonstrated that arsenic compounds can increase the level of ROS in cells as a result of cell death[@b1][@b3][@b23][@b34], so we assessed the change of ROS in HL-60 cells exposed to **2a** or **2b**. DCFH-DA, a kind of ROS probe, which is taken up by cells, hydrolyzed by cellular esterase to yield DCFH that in turn reacts with ROS to produce fluorescent DCF, was used in this assay[@b35]. According to the flow cytometry charts, the quantitative data were shown in the form of bar diagrams. With the respective addition of both compounds, the relative fluorescence intensity of DCF doubled approximately than that of control in [Fig. 3a,b](#f3){ref-type="fig"}. However, we found that ROS can be eliminated by several general antioxidants, which were independent on the species of antioxidants. When the cells were incubated with compound **2a**, 2 mM NAC or 1 mM DTT can scavenge additional ROS completely, and 1 mM VC can also decrease the level of ROS to that of control. Moreover, 1 mM DTT or VC can eliminate the majority of ROS produced by compound **2b**, which can also be removed completely by 2 mM NAC. However, the addition of 0.075 mM LA was an effective approach for scavenging ROS completely produced by **2a** or **2b**. Besides, the change of intracellular ROS level can be displayed by a visual way with the help of fluorescent confocal microscope ([Fig. 3c](#f3){ref-type="fig"}). The green light intensity characterizing ROS content became stronger owing to the addition of **2a** or **2b**, followed by weakening after pre-adding 0.075 mM LA, which were in accordance with the former results.

Decrease in levels of total GSH in cells and the protective effect of GSH
-------------------------------------------------------------------------

Because of GSH scavenging ROS in cells as described above, we speculated the change of GSH was contrary to that of ROS. As shown in [Fig. 4](#f4){ref-type="fig"}, the content of intracellular total GSH decreased significantly when HL-60 cells exposed to **2a** or **2b**, whereas pretreatment of LA could recover the content. In addition, the ratio of GSH/GSSG showed the similar variation trend. In order to explore the role of GSH, we examined the protective effect of GSH. After being pretreated with GSH, the level of ROS in cells exposed to **2a** or **2b** began to decrease by a concentration-dependent way.

Assessment of mitochondrial membrane potential and release of Cytochrome *c*
----------------------------------------------------------------------------

When the level of GSH decreased, especially mitochondrial GSH, it can induce the loss of mitochondrial membrane potential[@b36][@b37]. Maintaining mitochondrial membrane potential is essential for keeping mitochondrial normal functions. As shown in [Fig. 5b](#f5){ref-type="fig"}, the proportion of mitochondrial membrane potential collapse grew up significantly from 30.8% (control) to 68.3% (adding 3 μM **2a**) and 78.5% (adding 2 μM **2b**) via a concentration-dependent way. However, when the cells were pre-incubated with antioxidants, the mitochondrial membrane potential can be prevented from collapse in spite of the presence of **2a** or **2b** ([Fig. 5a,b](#f5){ref-type="fig"}). With 0.075 mM LA pre-incubation, only approximate 12% of cells underwent the decrease of mitochondrial membrane potential, which were even less than that of control. These alterations can also be monitored by Rh123, which stains mitochondria specifically depending on membrane potential[@b38]. Although the intensity of Rh123 drop obviously in the presence of **2a** or **2b**, it could be recovered to some extent after pre-adding 0.075 mM LA ([Fig. 5c](#f5){ref-type="fig"}). Furthermore, as shown in [Fig. 5d](#f5){ref-type="fig"}, the relative content of cytochrome *c* in cells pre-incubated with 0.075 mM LA was similar with that of control, whereas the quantity was approximately six times (with 3 μM **2a**) or five times (with 2 μM **2b**) more than that of control. It was believed that the production of cytochrome *c* could be deterred effectively with the addition of 0.075 mM LA.

The effect of antioxidants in cell death
----------------------------------------

If **2a** and **2b** mainly aroused the oxidative stress, we speculated that the existence of antioxidants could maintain cells viable. In order to prove it, some related experiments with antioxidants were carried out continuously. As shown in [Fig. 6a,b](#f6){ref-type="fig"}, the addition of antioxidants protected the majority of cells in the presence of low concentration drugs. In detail, after adding 1 mM NAC or 1 mM DTT, cell viability with low concentrations of drugs had a dramatic increase from about 0.3 to above 0.8, and that with high concentrations of drugs was from about 0 to above 0.7. The effect of 1 mM GSH was apparent for low concentration drugs but not obvious for high concentration drugs, while 0.075 mM LA can keep more than 80% cells live even exposed to the high concentration drugs. What's more, the cell viability increased by an antioxidants concentration-dependent way (data not shown). Antioxidants with appropriate concentration were also used to study the effect on apoptosis rate. The results in [Fig. 6c,d](#f6){ref-type="fig"} demonstrated that the apoptosis rates can be declined from 55.7% (**2a**) and 86.1% (**2b**) to 11.4% (**2a**) and 11.7% (**2b**) respectively with 0.075 mM LA pre-incubating, equal to that of control. Moreover, 2 mM NAC can also protect cells against apoptosis, which increased the proportion of normal cells from 44.3% (**2a**) and 34.4% (**2b**) to 86.6% (**2a**) and 92.1% (**2b**). Although 2 mM GSH and 1 mM DTT or VC were not so effective as NAC or LA, they can also decrease the apoptosis rates to some extent. What's more, the activity of Caspase-3 indeed enhanced in the presence of only **2a** or **2b**, and the alteration could be deterred by 0.075 mM LA ([Fig. 6e](#f6){ref-type="fig"}).

Discussion
==========

In order to develop organic arsenical drugs, we designed and synthesized a series of As (III)-containing Schiff bases with dual functional groups: As (III) and imine as well as two aromatic rings. It has been known that As (III) group in the molecules have high affinity with sulfhydryl to present inhibitory activities to sulfhydryl-containing proteins or enzymes[@b1][@b39]. The nitrogen with lone pair electrons in imine group displays basicity and nucleophilicity in biological system. Hydrophobic interaction may cause the binding of two hydrophobic aromatic rings with active sites in proteins and hence affect their conformation and bioactivities. Oxygen-containing substitutes at the aromatic rings and imine group are H-bond acceptors, which are able to impact H-bond network in protein and DNA. Therefore, a few As (III)-containing Schiff bases with Oxygen-containing substitutes at the aromatic rings have been synthesized.

From the results of cytotoxicity, it has been shown that organic arsenicals exhibit much higher inhibitory activity for cancer cells, especially for HL-60 cells, comparing with inorganic arsenicals. The *IC*~50~ values of **3a** and **4a** are both beyond 10 μM, which indicates that indole structure and anthracene ring structure may not be effective structures in this kind of Schiff base-compounds containing arsenic. On the contrary, the structure of salicylic aldehyde and vanillin are beneficial to biological activity. Taking all the data into account, it is concluded that **2a** and **2b** selectively and effectively inhibit the proliferation of HL-60 cells.

Considering the insensitivity of cancer cells to death, apoptosis-based strategies attract much attention in cancer research[@b40]. Arsenic compounds have been known to activate apoptosis signaling in numerous types of cell lines[@b32][@b33]. Moreover, the hallmarks of apoptosis include nuclear shrinkage, chromatin condensation, and apoptotic body formation[@b41]. As shown above, both **2a** and **2b** can trigger the apoptosis in HL-60 cells. Some reports have demonstrated that arsenic compounds induce the apoptosis by the way of the increase of ROS[@b1][@b3][@b23][@b34]. When ROS are generated excessively, including superoxide anion (O~2~^·−^), hydrogen peroxide (H~2~O~2~) hydroxyl radical (^·^OH), singlet oxygen (^1^O~2~), and perhydroxyl radical (HO^2·^) etc, it is involved in oxidative damage to lipids, proteins and DNA in cells[@b42]. The addition of **2a** or **2b** indeed increases the level of intracellular ROS and decreases the GSH content. It is known that arsenic can affect intracellular redox state through the higher affinity with the sulfydryl[@b37]. It was found that arsenic could target some enzymes, such as thioredoxin reductase, so the cells could only be protected by some individual antioxidants[@b15]. However, we found that the additional ROS can be eliminated by several general antioxidants, which were independent on the species of antioxidants. Furthermore, the loss of intracellular GSH can be recovered with the pretreatment of LA. It illustrates that **2a** and **2b** mainly led to the oxidative stress rather than targeting special proteins in HL-60 cells.

The mitochondrion is a major intracellular source of ROS, which is also the target of high ROS exposure with deleterious consequences, such as altering the mitochondrial membrane potential[@b43]. GSH serves as a sensitive marker of oxidative stress and it plays an important role in maintaining the integrity of mitochondria and cell membranes[@b44]. When the level of GSH decreased, especially mitochondrial GSH, it can induce the loss of mitochondrial membrane potential[@b36][@b37]. Besides that **2a** and **2b** can increase the production of ROS and depletion of GSH, they can also destroy the mitochondrial membrane potential. The mitochondria undergo major changes in membrane integrity when exposed to arsenicals, which leads to disruption of the mitochondrial membrane potential[@b37][@b45]. However, these alterations can also be recovered by the addition of LA. Based on these results, we put forward the point that the oxidative stress led to further damage to the mitochondrial membrane integrity. In addition, mitochondria are involved in the so-called intrinsic pathway of apoptosis. They release soluble proteins from the intermembrane space to initiate caspase activation in the cytosol, such as cytochrome *c*, which modulates the sensitivity to cell death signals[@b46][@b47]. The experimental results was in accordance with the observation above.

In addition, antioxidants with appropriate concentration can prevent the cells exposed to **2a** or **2b** from apoptosis. During the stage of apoptosis, the loss of the mitochondrial membrane can trigger the proteins release from mitochondria, which subsequently activates related catabolic proteases and nucleases[@b48][@b49]. Caspase-3 is included in caspases, a family of cysteine proteases mediating apoptosis by proteolysis of specific substrates, which is considered to be a primary executioner of apoptosis[@b50][@b51]. In our experiment, the activity of Caspase-3 enhanced by compound **2a** or **2b** could be weakened by LA. Considering along with the release of cytochrome *c*, it was believed that Caspase-3 was activated and apoptosis was induced. Taking all data into account, it was concluded that HL-60 cells underwent apoptosis and oxidative stress induced by **2a** or **2b** was the main cause.

In conclusion, this work has shed light on the antitumor activity and mechanism of several newly synthesized organic arsenicals *in vitro*. It is illustrated that **2a** and **2b** compounds show the best inhibitory activity for three different kinds of cancer cell lines, especially for HL-60 cells, which is far better than that of inorganic arsenicals, NaAsO~2~ and As~2~O~3~. It is found that both **2a** and **2b** have important influences on several critical points in apoptosis, including the burst of ROS, the depletion of GSH, collapse of mitochondrial membrane potential, release of cytochrome *c* and activation of Caspase-3. However, all the changes can be prevented by some antioxidants, particularly by lipoic acid. The results demonstrate that the apoptosis induced by **2a** or **2b** is mainly mediated by oxidative stress. This work provides deep insights into the design of organic arsenicals and the arsenic-related anticancer mechanism, which will attract much attention to the organic arsenicals as potential anticancer drugs.

Materials and Methods
=====================

Chemicals
---------

*p*-Arsanilic acid, salicylaldehyde, vanillin, indole-3-mathanal, 9-anthraldehyde and aniline came from Shanghai Chemical Reagent Co. LTD in China. *p*-Arsanilic was purified via recrystallization in distilled water and salicylaldehyde was purified by reduced pressure distillation before use. RPMI 1640 Medium, Dulbecco's modified Eagle Medium (DMEM) and Fetal bovine serum were purchased from GIBCO (Grand Island, USA). Rh123, Dimethyl sulfoxide (DMSO), N-acetyl-L-cysteine (NAC), reduced glutathione (GSH), DL-Dithiothreitol (DTT), L-Ascorbic acid (VC), (±)-α-Lipoic acid (LA) and 2′,7′-dichlorfluorescein diacetate (DCFH-DA) were obtained from Sigma-Aldrich (St. Louis, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from Amresco (Solon, USA). NaAsO~2~ was purchased from Amresco (Solon, USA) and As~2~O~3~ was borrowed from Chemistry Experiment Teaching Center of Wuhan University. Mitochondria Staining Kit (JC-1) and Annexin V-FITC/PI apoptosis kit were purchased from MultiSciences (Hangzhou, China). Human Cyt *C* ELISA Kit was obtained from Elbio (Shanghai, China). Red Blood Cell Lysis Buffer, GSH and GSSG Assay Kit and the Activity of Caspase-3 Assay Kit were purchased from Beyotime (Shanghai, China). Other common chemicals were of analytical reagent grade from Wuhan Shenshi Chemical Reagent Co. LTD in China and used without further purification.

Synthesis of As(III)-containing Schiff bases and 2-((phenylimino)methyl)phenol
------------------------------------------------------------------------------

Synthetic route of As (III)-containing Schiff bases was shown in [Fig. 1](#f1){ref-type="fig"}. *p*-Aminophenylarsine oxide (**1**) can be produced from *p*-Arsanilic acid according to the general experimental procedure[@b52]. The reactant *p*-Aminophenylarsine oxide (10 mmol) or aniline (10 mmol) was dissolved in 60 mL of anhydrous ethanol placed into 250 mL of three-necked, round-bottomed flask equipped with a reflux condenser, a thermometer, a drop funnel and a stir bar. In a separate flask, equivalent another reactant aromatic aldehyde (10 mmol) was dissolved in 60 mL of anhydrous ethanol, then transferred by dropwise to the reaction mixture via the drop funnel under stirring. An additional 30 mL of ethanol was used to effect quantitative transfer of the aromatic aldehyde (10 mmol) into the reaction mixture. The mixture was refluxed and stirred for 2--6 h under nitrogen. At the end of reaction, 10 mmol of sodium hydroxide powder were added to drive the reaction towards the product side, and then the mixture was concentrated under reduced pressure. The resulting mixture was poured in distilled water, filtered and dried under vacuum. The crude product was recrystallized from ethanol/H~2~O or methanol/H~2~O.

Characterization of synthetic organic arsenicals
------------------------------------------------

Partial elemental analyses were performed on a Vario EL III CHNOS elemental analyzer. Infrared spectra were recorded on a Nicolet 380 FT-IR Spectrometer using KBr plates (4,000--400 cm^−1^). NMR spectra were obtained with a Varian Mercury VX300 spectrometer at 300 MHz using TMS as internal reference. MS were recorded on a Brucker Daltonics APE XII 47e and VG707VHF mass spectrometer.

2-((phenylimino) methyl) phenol (**1a**): Yellow powder. ^1^H NMR (300 MHz, DMSO-d~6~): 6.87--7.64 (m, 9H); 8.93 (S, 1H). ESI-MS, m/z: 198 \[M + H\]^+^.

2-(((4-(oxoarsanyl) phenyl) imino)methyl)phenol (**2a**): Yellow powder. Mp: 123--125 °C. Elemental analysis calculated for C~13~H~10~AsNO~2~: C, 54.38; H, 3.51; As, 26.09; N, 4.88; O, 11.14. Found: C, 54.32; H, 3.50; N, 4.91. IR (KBr): 3563 cm^−1^ (s, stretching of O-H); 1616 cm^−1^ (vs, stretching of CH=N); 1588, 1488, 1450 cm^−1^ (s, stretching of benzene cycle); 1083 cm^−1^ (s, stretching of ph-As). ^1^H NMR (300 MHz, CH~3~OH-d~4~): 4.85 (s,1 H); 6.87--7.75 (m, 8 H); 8.81 (S, 1 H). ^13^C NMR (100 MHz, CH~3~OH-d~4~): 117.2, 120.1, 121.4, 121.9, 122.1 (5C); 127.3, 132.5, 133.2, 133.7, 134.2 (5C); 149.3(1C); 161.8, 162.1(2C). ESI-MS, m/z: 288 \[M + H\]^+^.

2-methoxy-4-(((4-(oxoarsanyl)phenyl)imino)methyl)phenol (**2b**): Pale yellow and needle-shaped minicrystal. Mp: 102--103.5 °C. Elemental analysis calculated for C~14~H~12~AsNO~3~: C, 53.02; H, 3.81; As, 23.62; N, 4.42; O, 15.13. Found: C, 52.96; H, 3.78; N, 4.51. IR (KBr): 3316 cm^−1^ (vs, stretching of O-H); 1621cm^−1^ (vs, stretching of CH=N); 1593, 1500, 1423 cm^−1^ (s, stretching of benzene cycle); 1086 cm^−1^ (s, stretching of ph-As). ^1^H NMR (300 MHz, CH~3~OH-d~4~): 4.09 (s, 3H); 5.26 (s, 1H); 6.726 (d, 4 H); 7.331(m, 3 H); 8.401 (s, 1 H). ^13^C NMR (100 MHz, CH~3~OH-d~4~): 58.995(1C), 117.355, 117.760, 119.962, 120.749, 121.768, 122.095 (6C), 130.469, 131.364, 132.586, 133.325, 134.212, 147.326 (6C), 149.333 (1C). ESI-MS, m/z: 318 \[M + H\]^+^.

1-(1H-indol-3-yl)-N-(4-(oxoarsanyl) phenyl) methanimine (**3a**): Pale yellow powder. Mp: 196--198 °C. Elemental analysis calculated for C~15~H~11~AsN~2~O: C, 58.08; H, 3.57; As, 24.15; N, 9.03; O, 5.16. Found: C, 58.06; H, 3.56; N, 9.05. IR (KBr): 3492 cm^−1^ (m, stretching of N-H); 3069 cm^−1^ (s, stretching of ph-H); 1621 cm^−1^(vs, stretching of CH=N); 1587, 1504, 1479 cm^−1^ (s, stretching of benzene cycle); 1084 cm^−1^ (m, stretching of ph-As). ^1^H NMR (300 MHz, DMSO-d~6~): 7.11--7.72(m, 9 H); 8.22 (s, 1 H); 9.97(s, 1 H). ^13^C NMR (100 MHz, DMSO-d~6~): 113.1(2C);118.8(1C); 121.5 (2C); 122.8 (2C); 124.2 (2C); 124.8 (1C); 137.7 (1C); 139.2 (2C); 185.7 (2C). ESI-MS, m/z: 311 \[M + H\]^+^.

1-(anthracen-9-yl)-N-(4-(oxoarsanyl) phenyl) methanimine (**4a**): White powder. Mp: 91--92 °C. Elemental analysis calculated for C~21~H~14~AsNO: C, 67.94; H, 3.80; As, 20.18; N, 3.77; O, 4.31. Found: C, 67.92; H, 3.79; N, 3.79. IR (KBr): 3036 cm^−1^ (s, stretching of ph-H); 1610 cm^−1^(s, stretching of CH=N); 1594, 1501, 1413 cm^−1^ (s, stretching of benzene cycle); 1078 cm^−1^ (m, stretching of ph-As). ^1^H NMR (300 MHz, DMSO-d~6~): 7.36--9.04 (m, 12 H); 9.78 (s, 1 H); 11.46 (s, 1 H). ^13^C NMR (100 MHz, DMSO-d~6~): 121.9, 124.2, 125.1, 125.6, 126.5, 127.4, 128.2, 130.0, 130.1, 130.8, 131.3, 131.5, 132.1, 136.0(24C), 194.9(1C). ESI-MS, m/z: 371\[M + H\]^+^.

Cell cultures
-------------

HL-60 cells were obtained from College of Life Sciences at Wuhan University. SGC 7901 cells and GES-1 cells were obtained from Prof. Xiang Zhou's group. MCF-7 cells and HEK293 cells were obtained from Prof. Dai-Wen Pang's group and Prof. Xian-Zheng Zhang's group, respectively. NIH3T3 cells were obtained from China Center for Type Culture Collection at Wuhan University. HL-60 cells were cultured in RPMI 1640 Medium containing 10% FBS and 1% penicillin/streptomycin solution. SGC 7901 cells, MCF-7 cells, GES-1 cells, HEK293 cells and NIH3T3 cells were cultured in DMEM containing 10% FBS, 2 mM glutamine, 0.1 μM sodium bicarbonate and 1% penicillin/streptomycin solution. They were all maintained in an atmosphere of 5% CO~2~ at 37 °C.

Assessment of cell viability
----------------------------

1 × 10^4^ HL-60 cells and drugs with different concentrations in a final volume of 80 μL were incubated in a 96-well plate. The drugs were dissolved in DMSO and the concentrations of DMSO were under 0.1% (*V*/*V*). Medium only, cells only and cells treated with DMSO alone were taken into account as controls. After 24 h, 20 μL MTT (5 mg/mL) was added to each well. After 4 h, 100 μL 10% SDS solution was added to each well and the plate was placed in the dark at 37 °C overnight. For other cells, after incubation with drugs for 24 h, the medium was removed and the cells were washed once with PBS. Then, 200 μL medium containing 20 μL MTT (5 mg/mL) was added to each well. After 4 h, the medium was removed and 150 μL DMSO was added to each well and the plate was placed in the dark at 37 °C for 15 min under shaking. The absorbance was measured at 570 nm with microplate reader (BioTek, USA).

5 × 10^4^ HL-60 cells and different antioxidants with different concentrations were incubated in a 48-well plate for 4 h. Then **2a** or **2b** with different concentrations was added into the sample well. Cells only and cells treated with antioxidants alone were taken into account as controls. After 24 h, the cells were stained with trypan blue (0.4%, w/v) and the number of live (non-stained) and dead (stained) cells were obtained using the microscope.

Determination of the intracellular ROS level
--------------------------------------------

HL-60 cells treated with 2 μM **2a** or 1.5 μM **2b** were plated in 12-well plates. After 24 h, each sample of cells was collected and washed once with PBS. The cells were incubated with 300 μL FBS-free medium containing DCFH-DA (1 μM) for 30 min in dark at 37 °C. Data were obtained and analyzed using a C6 flow cytometer (BD Biosciences, USA)[@b27].

In laser scanning confocal experiment, the medium was removed after 24 h incubation. 1 mL FBS-free medium with DCFH-DA (10 μM) was added to each sample. Then continue the incubation for 30 min in dark at 37 °C. The samples were visualized and photographed using a C1-si Laser Scanning Confocal Microscope (Nikon, Japan).

Assessment of the total glutathione and GSH level
-------------------------------------------------

The cells were cultured in a 6-well plate and treated with 2 μM **2a** or 1.5 μM **2b**. After 24 h, the cells were collected and washed twice with PBS. The protein content was quantified by the use of Bradford procedure. Then each sample was treated according to the manufacturer's instructions (beyotime, Shanghai, China). The absorbance was measured every 5 minutes at 405 nm with microplate reader.

Identification of mitochondrial membrane potential
--------------------------------------------------

HL-60 cells treated with **2a** (1.5 μM and 3 μM) or **2b** (1 μM and 2 μM) were plated in 12-well plates. After 24 h, cells were collected and washed once with PBS. Then, the cells were handled with JC-1 according to the manufacturer's instructions (Multi Sciences BiotechCo., Ltd, Hangzhou, China) or Rh123. Data were obtained and analyzed using a C6 flow cytometer (BD Biosciences, USA).

Apoptosis detection with Annexin V-FITC and PI staining
-------------------------------------------------------

HL-60 cells were treated with **2a** (1.5 μM and 3 μM) or **2b** (1 μM and 2 μM) for 24 h in a 6-well plate. After 24 h, cells were collected and washed once with PBS. Then, the cells were handled with Annexin V-FITC and PI according to the manufacturer's instructions (Multi Science sBiotechCo., Ltd, Hangzhou, China). Data were obtained and analyzed using a C6 flow cytometer (BD Biosciences, USA).

Assessment of the released cytochrome *c* level
-----------------------------------------------

HL-60 cells with 3 μM **2a** or 2 μM **2b** were incubated in a 12-well plate for 24 h. The cells were sacrificed and dealt with ELISA Kit (Meilian BiotechCo., Ltd, Shanghai, China) according to the manufacturer's instructions. The absorbance was measured at 450 nm with microplate reader.

Hoechst 33342 staining
----------------------

HL-60 cells treated with **2a** (1 μM and 2 μM) or **2b** (0.75 μM and 1.5 μM) were plated in 12-well plates, and the medium was removed after 24 h, followed by the addition of 5 μg.mL^−1^ Hoechst 33342. After being incubated for 30 min in dark at 37 °C, the samples were visualized and photographed using a C1-si Laser Scanning Confocal Microscope (Nikon, Japan)[@b27].

Measurement of caspase-3 activity
---------------------------------

HL-60 cells were treated with 3 μM **2a** or 2 μM **2b** for 12 h in a 6-well plate. Each sample was collected and washed twice with PBS. Then the cells were incubated with moderate lysis buffer from the kit on ice. The cell extract was handled on the basis of manufacturer's instructions (beyotime, Shanghai, China). After 3 h, the absorbance at 405 nm was measured using a microplate reader.

The protective experiments using protective agents
--------------------------------------------------

In protective trial, the cells were pre-incubated with the protective agents for 4 h and other operations were in accordance with the above.

Assessment of effect on normal leukocyte
----------------------------------------

Normal human fresh peripheral blood with EDTA anticoagulant was dealt with Red Blood Cell Lysis Buffer according to manufacturer's instructions (Beyotime, Shanghai, China) to obtain the normal leukocyte. After the cell viability of leukocyte determined by trypan blue was confirmed above 95%, 2 × 10^4^ leukocyte cells were incubated with 3.5 μM **2a** (5 × *IC*~50~), 2.5 μM **2b** (5 × *IC*~50~), or 15 μM As~2~O~3~ (2.5 × *IC*~50~) for 6 h, 12 h or 24 h in RPMI 1640 at room temperature. Then, the apoptosis rate using Annexin V-FITC/PI staining and cell viability using MTT method were tested respectively. There are 8 independent normal human fresh peripheral blood samples in all to be tested. This study was carried out in accordance with relevant guidelines and regulations of Wuhan University and the experiment protocol was approved by Zhongnan Hospital of Wuhan University. Additionally, the informed consent was obtained from all subjects.

Statistics
----------

All experiments were performed at least three replicates. The data were presented as mean ± SD. The independent Student's T test was used to compare the means of two independent groups. Significance was set at P \< 0.05.
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![The synthesis of Schiff base derivatives.\
(**a**) concentrated hydrochloric acid and methanol (v/v: 24 mL/30 mL), catalytic amount of KI, SO~2~ (2 bubbles/s), RT, 30 min; (**b**) aqueous ammonia 10%, 0 °C, 15 min; (**c**) EtOH, 78--80 °C, 2--6 h, under N~2~.](srep29865-f1){#f1}

![Induction of apoptosis in HL-60 cells *in vitro*.\
(**a**) The results of apoptosis by Annexin V-FITC/PI double-staining assay. HL-60 cells were treated with compound **2a** (1.5 μM and 3 μM) or **2b** (1 μM and 2 μM) for 24 h, then stained by Annexin V-FITC and PI dye. There are four kinds of cell populations shown as follows: live cells population (lower left), early apoptotic cells (lower right), late apoptotic cells (upper right) and dead cells (upper left). (**b**) Analysis of morphology changes in HL-60 cells. HL-60 cells were treated with **2a** (1 μM and 2 μM) or **2b** (0.75 μM and 1.5 μM) for 24 h followed by Hoechst 33342 staining. Phase contrast (top) and fluorescence (bottom) images were acquired by fluorescence microscopy. The apoptotic cells are shown with white arrows. These experiment were performed more than three times.](srep29865-f2){#f2}

![Production and elimination of ROS in HL-60 cells measured by DCFH-DA.\
(**a**) The levels of intracellular ROS in the presence of antioxidants and compound **2a** or **2b**. HL-60 cells were pre-incubated with 2 mM NAC or 1 mM DTT or 1 mM VC or 0.075 mM LA for 4 h followed by the addition of 2 μM **2a** or 1.5 μM **2b** for another 24 h and the fluorescence data were obtained by flow cytometry. (**b**) The corresponding quantification data are shown in the way of column figure and expressed as the mean ± SD of three independent samples. \*\*P \< 0.01 and \*\*\*P \< 0.001 vs the control group. (**c**) The images about the accumulation and elimination of ROS in cells. HL-60 cells were treated with 0.075 mM LA in advance for 4 h before incubated with 2 μM **2a** or 1.5 μM **2b** for another 24 h. Then 1 mL FBS-free medium with 10 μM DCFH-DA was added into each sample for 30 min at 37 °C. Phase contrast (top) and fluorescence (bottom) images were acquired by fluorescence microscopy.](srep29865-f3){#f3}

![Assessment of total GSH in cells and the protective effect of GSH.\
(**a**) The total GSH level in cells under the treatment of 0.075 mM LA and 2 μM **2a** or 1.5 μM **2b**. The data are expressed as the mean ± SD of three independent samples. (**b**) The change of GSH/GSSH. The ratio was calculated according to the reduced GSH and GSSG levels. Data are expressed as the mean ± SD of three experiments. (**c**) The elimination effect of GSH for ROS. HL-60 cells were pre-incubated with 2 mM GSH for 4 h followed by adding 2 μM **2a** or 1.5 μM **2b** for another 24 h and the fluorescence data were obtained by flow cytometry. (**d**) The quantification data of fluorescence intensity are shown in the way of bar figure. Data are expressed as the mean ± SD of three experiments. \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001 vs the control group.](srep29865-f4){#f4}

![Assessment of mitochondrial membrane potential and release of cytochrome *c*.\
(**a**) The collapse and recovery of mitochondrial membrane potential. HL-60 cells were incubated with 3 μM **2a** or 2 μM **2b** in the presence or absence of 2 mM NAC, 2 mM GSH or 1 mM DTT for 24 h, followed by JC-1 staining. Data are obtained by the use of flow cytometry. (**b**) The alteration of mitochondrial membrane potential in HL-60 cells with or without 0.075 mM LA measured by JC-1 dye. This assay was repeated more than three times. (**c**) The change of mitochondrial membrane potential in cells monitored by Rh123. The cells were treated with 3 μM **2a** or 2 μM **2b** in the presence or absence of 0.075 mM LA. Data are recorded by flow cytometry and shown in the way of bar figure. The quantification data are expressed as the mean ± SD of three independent samples. \*\*P \< 0.01 vs the control group. (**d**) The release of cytochrome *c*. The cells were treated with 3 μM **2a** or 2 μM **2b** in the presence or absence of 0.075 mM LA. Data are expressed as the mean ± SD of three independent samples. \*\*\*P \< 0.001 vs the control group.](srep29865-f5){#f5}

![The effect of antioxidants on cell death.\
(**a**) Assessment of cell viability with the addition of NAC, GSH or DTT. HL-60 cells were incubated with **2a** or **2b** in the presence or absence of 1 mM NAC, 1 mM GSH, 1 mM DTT for 24 h and data are expressed as the mean ± SD of three independent samples. (**b**) The protective effect for cell viability with the different concentrations of LA. HL-60 cells were incubated with **2a** or **2b** in the presence or absence of LA with different concentrations for 24 h and the data are expressed as the mean ± SD of three independent samples. (**c**) Assessing the proportion of apoptotic cells in the presence of NAC, GSH, DTT or VC. HL-60 cells were treated with 3 μM **2a** or 2 μM **2b** and antioxidants for 24 h, followed by Annexin V-FITC/PI double staining. (**d**) Determination of the apoptotic cells percentage in the presence of LA. HL-60 cells were treated with 3 μM **2a** or 2 μM **2b** and 0.075 mM LA for 24 h, followed by Annexin V-FITC/PI double staining. (**e**) The increase of Caspase-3 activity. HL-60 cells were treated with 3 μM **2a** or 2 μM **2b** and 0.075 mM LA for 24 h and Caspase-3 activity in the cell extracts was determined by a colorimetric assay. \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001 vs the control group.](srep29865-f6){#f6}

###### Chemical structure of synthesized arsenic (III)-containing Schiff base derivatives and their half-inhibitory concentrations *IC* ~50~ for four different types of cell lines[a](#t1-fn1){ref-type="fn"}.

  Compound     cell lines (*IC*~5*0*~)                                 
  ----------- ------------------------- -------------- --------------- --------------
  NaAsO~2~          10.55 ± 3.06         31.66 ± 0.67   58.95 ± 11.84   42.6 ± 11.62
  As~2~O~3~          6.44 ± 1.62         30.60 ± 2.80   41.35 ± 2.70    49.08 ± 2.89
  **1a**                \>100               \>100           \>100          \>100
  **2a**             0.77 ± 0.1          2.53 ± 0.41     4.03 ± 0.89    5.96 ± 1.23
  **2b**             0.51 ± 0.1          2.81 ± 1.34     2.12 ± 0.48    1.57 ± 0.26
  **3a**            13.94 ± 0.47         69.00 ± 9.01   155.03 ± 7.85   83.3 ± 4.26
  **4a**            15.89 ± 0.56         11.29 ± 3.40    7.63 ± 3.02    8.72 ± 3.76

^a^The data (*IC*~50~) are expressed as the mean ± SD of three independent experiments and the unit is μmol·L^−1^.

[^1]: These authors contributed equally to this work.
